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ABSTRACT 
A STUDY OF SUCTION INDUCED DERMO-EPIDERMAL SEPARATION 
AND EPIDERI4AL WOUND HEALING IN THE HUMAN 
Alison Colette Lindsay 
1984 
Suction induced blisters were studied in human skin. The blisters 
were painlessly raised, without evidence of trauma, using negative 
pressures in the 200 - 300 mm. Hg. range, and temperatures from 34°C to 
40°C. In normal subjects, the plane of cleavage was uniformly found to 
be through the lamina lucida. Paranuclear vacuolization, internalization 
of hemidesnosomes and microvillous transformation of the basal membrane 
were identified as suction induced cellular changes. 
Factors influencing blistering time were examined. These included 
pressure, temperature, diameter of suction cup, age and sex. Blistering 
time was noted to decrease with an increase in temperature from 34°C to 
37°C; it was independent of diameter and tended to decrease with 
increasing age; females displayed prolonged blistering times when 
compared with males. 
The unroofed suction blister was used to study epidermal wound 
healing. The utility of Vasoflavine, a fluorescent dye reported to 
specifically strain stratum corneum, was evaluated as a a non-invasive 
tool for the study of wound healing. In addition, reepithel ial ization 
and the appearance of skin markings were used to evaluate the healing 
process. 
Digitized by the Internet Archive 
in 2017 with funding from 
The National Endowment for the Humanities and the Arcadia Fund 
https://archive.org/details/studyofsuctioninOOIind 
The wound environment was manipulated and the effect of altered 
environment on the rate of healing was investigated. Wounds occluded 
with a moisture vapor and O2 permeable film healed at a faster rate and 
with better cosmesis than non-occluded wounds. Other environmental 
alterations were studied, but results could not be definitively evaluated 
due to the limited number of wounds studied. 
The suction blister roof was used to graft the chronic non-healing 
ulcer. In an indirect graft, the epidermal cells were grown in tissue 
culture, into a multi-layered, differentiated sheet and then grafted to 
the ulcer. The site reepithelialized quickly and was totally healed by 
20 days post grafting. 
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1. 
INTRODUCTION. 
The concept of tne application of negative pressures to the skin to 
establish in vivo separation of intact epidermis from dermis dates to 
1873 (1); actual development of the technique at moderate suction 
pressures is as recent as 1964 (2). Unna was the first to describe the 
use of pressure to raise blisters by a dry cupping of the intact skin. 
In 1900, Weidenfeld (1,3) reported subepidermal blisters with the 
application of hydrostatic water pressure to the dermal side of autopsy 
specimens. In 1950, Blank and Miller reported this phenomenon with 
application of pressure to the epidermal side of the specimen (4). 
Bielicky (5,5) in 1956, used suction to produce subepidermal blisters in 
patients with bullous diseases. He proposed tne use of suction to 
quantify epidermal adherance as a measure of the severity of the disease 
state in these patients, as well as a means for evaluation of 
effectiveness of therapeutic agents. The raising of blisters in healthy 
patients was achieved in 1961 by Slowey and Leider (7) in half of their 
normal subjects using negative pressure of one atmosphere for one hour. 
Blisters were subepidermal, with the exception of intraepidermal blisters 
raised in patients with pemphigus. 
In 1964, Kiistala and Mustakallio developed the Dermovac suction 
device, which allowed for controlled production of blisters without 
chemical or thermal damage (1). This led to extensive studies of the 
parameters influencing blistering time, i.e. time from application of 
negative pressures to clinical vesiculation. These have included 
pressure (8,9) temperature (9,10,11,12) age (6,10), sex and body region 
(6), and the results have been applied toward the development of a model 
of dermo-epidermal adherence (12). 

2. 
Light and electron microscopic changes induced by suction have been 
identified and the plane of cleavage uniformly found to be at the 
dermo-epidermal juction. An intact epidermis is raised, leaving the 
basement membrane on the blister floor (13,14). 
Applications of the suction blister have been many and versatile, 
e.g., biochemical studies of the epidermis, quantification of epidermal 
bacteria and in vitro studies of epidermal permeability have been 
performed on the suction blister roof (1). The roof has been used as a 
pigment bearing graft to cover achromic lesions of leukoderma, with 
encouraging results of repigmentation (74,75). The blister fluid has 
been examined to enhance understanding of the functions of the capillary 
basement membrane (15) and to indicate the degree of cell injury (16). 
Its use has extended to the evaluation of drug penetration and 
therapeutic effectiveness (17,18,19,20). The healing of intact suction 
blisters has been examined in detail in the mouse (21), rat (22) and pig 
(23); the model is unique in that the processes of wound healing are not 
subject to environmental influences. 
The unroofed suction blister, in addition to providing a viable 
sheet of intact epidermis, offers an unusual model for the study of wound 
healing in that the wound is purely epidermal, leaving the basement 
membrane exposed on the dermal floor. The only evidence of dermal injury 
in microscopic studies of the suction blister was some widening between 
the more superficial collagen fibrils and infrequent splitting of the 
fibrils. Papillary capillaries were not dilated and there was no 
evidence of autolysis or inflammation (13). 

3. 
Wound healing progresses with an orderly and predictable sequence of 
biologic events. The means by which an epithelial defect is repaired 
does not incorporate many of the components of dermal healing e.g. the 
inflammatory response, collagen deposition and maturation. Most reviews 
of epidermal wound healing, however, include some aspects of dermal 
healing because, unlike the suction blister model, most superficial 
wounds involve injury to at least the papillary dermis. 
The mechanisms of reepithelialization have been investigated and are 
classically divided into three phases of regeneration: (i) mitosis, (ii) 
migration and (iii) differentiation/cornification (24). Winter (25,26) 
studied epidermal regeneration in the domestic pig; the superficial wound 
model extended to the papillary dermis. Tissue injury stimulates the 
remaining cells to respond. The initial response evoked is an 
inflammatory reaction within the first eight hours of injury. A serous 
exudate develops which serves to level the defect with adjacent skin. 
Swelling and extravasation of leukocytes occurs. Some leukocytes are 
free in the swollen fibrous tissue (25). 
By eighteen hours, the acute inflammatory reaction wanes. Scab is 
formed by the dessicating effects of atmospheric exposure on the exudate, 
fibrous tissue and some blood vessel fragments below; some leukocytes are 
included. The moisture permeable scab involves 0.1mm of the superficial 
dermis by twenty-four hours. 
Meanwhile, epidermal regeneration begins to replace the absent 
epidermis. Cells originate from three sources viz. wound margin, outer 
root sheaths of hair follicles and duct walls of apocrine glands. Energy 
is supplied by the glycogen stores of the epidermal cells (27). 
Regeneration begins within twenty-four hours and the defect is resurfaced 
by six to seven days following the injury. Winter found that 90% of 

4. 
the regenerated epidermis is derived from the appendages. The average 
speed of migration is calculated to 7 m/hour. New connective tissue 
forms under the dermis and begins maturation by about the twelfth day. 
It is epidermis that is largely responsible for wound strength in the 
first several days following injury; dermis becomes important in this 
role subsequently (26). 
There is some disagreement as to the mechanism of epidermal cell 
migration; some propose a "leap frog" mechanism and others believe the 
cells move as an intact sheet. According to the former theory (25), the 
cells slide over each other; the first cell moves out, rounds up and 
becomes the first basal cell of the new epidermis. The cell above and 
behind it stretches over the new basal cell, comes to lie on the wound 
surface and then rounds up and becomes stationary. Cells behind the 
migrating ege move upwards toward the surface. New basal cells begin to 
divide within twenty-four hours of their settling on the wound surface. 
The theory of contact inhibition suggests that migration of 
epidermal cells results from the loss of whatever it is that makes for 
this inhibition (24). It also accounts for the stationary change that 
occurs when migrating cells meet one another. The migrating cells move 
radially from the appendages and the farthest distance an epidermal cell 
has to migrate is half the distance between two appendages (25). The 
"sheet" theory proposes ameboid motion of individual epidermal cells and 
a mass movement of sheets of these cells (24). 

5. 
The advancing epidermis follows a plane defined by a fibrin net 
containing fibrin and fibronectin; this plane is deep to the wound crust 
(28,34,35). "Contact guidance" refers to this phenomenon. "Ruffling" of 
cell membranes occurs in the migrating cells (29); some refer to this as 
"blebs" or "pseudopods" (30,31). In the healing of blisters, 
hemidesmosomes were found to regenerate rapidly on the intact basal 
lamina (21,22,32). In skin wounds without an intact basal lamina, 
epithelial migration is completed prior to the start of reformation of 
basal lamina and hemidesmosomes (30). 
It has been shown that laminin and Type IV collagen is present in 
the basement membrane zone of normal epidermis and the reepithelializing 
dermo-epidermal junction but are absent from the migrating epidermal 
edge. BP antigen, however, extends to the distal tip of migrating 
epidermis and therefore may play a role in the dermo-epidermal 
interaction at this point before a complete basement membrane zone is 
established (33). Upon complete reepitnelialization, fibronectin and 
fibrinogen disappear and Type IV collagen and laminin reappears in the 
basement membrane (34). It is postulated that the BP antigen may be 
responsible for maintenance of proliferation of the basal cells and 
prevention of terminal differentation (36). The fibronectin, although 
not directly responsible for the adhesion of epidermis to dermis, may 
play a role in the migratory phase and cell recruitment (36). 

6. 
The cells begin migration before mitotic activity becomes 
significant. On the day following injury, a certain proportion of the 
cells distally located from the wound margin, enter the cell cycle. 
Concomitantly, cell cycle time is reduced leading thereby to rapid new 
cell production (37). Winter showed a seventeen fold increase in the 
mitotic activity of epidermal cells 1 mm. from the wound edge over that 
of normal epidermis (25). 
Cells several back from the advancing edge show the first signs of 
differentiation with the appearance of basement membrane and 
hemidesmosomes. Cisternae of rough endoplasmic reticulum and aggregates 
of ribosomes appear in the basal epidermal cells. Subsequent 
differentiation is manifested by keratinization. Keratohyalin granules 
evolve in the cells of the upper spinous layers with subsequent 
keratinization of the surface epidermis (29). 
Numerous methods have been attemped to assess the rate of epidermal 
wound healing. These have included a biochemical method (38), 
determination of dry and wet weight of epidermis (39,40) as well as 
histologic examination of the epidermis following separation of dermis 
and epidermis (42). All these methods involve invasive technique and 
there is no simple, non-invasive technique currently available. Tnis 
would be useful for the evaluation of epidermal wound healing in humans. 
Vasoflavine dye is a biphenyl fluorescent dye used for detecting 
stratum corneum in the healing of partial thickness wounds. It 
specifically stains stratum corneum and has no influence on wound 
reepithelialization (38). This study, then, wass directed at defining 
objective measures of epidermal wound healing in the human, using the 
suction blister as a model. An attempt was made to assess 
reepithelialization with the use of vasoflavine dye and then investigate 
means of speeding up the healing process once reliable markers of the 
process had been identified.  

7. 
An adjunctive part of the study was to use the suction blister roof 
as a graft to hasten the healing process. The need to cover large 
surface areas in burn and trauma patients has been a long-standing 
problem generating extensive studies on the use of skin grown in tissue 
culture. Pickerel! (43) in 1952 envisioned a skin bank of tissue 
cultures, to decrease morbidity and mortality by making skin suitable for 
grafting available immediately. 
Billingham & Reynolds (44) were the first to show that epidermal 
cells obtained by trypsin-splitting could be grafted to cover wounds. 
Initial studies used explanted fragments for in vitro growth; 
multiplication, however, was limited and difficulty was encountered with 
control of fibroblast proliteration (48). Karasek (45) showed in the 
rabbit that such cultures were transplantable with survival up to six 
weeks. Freeman and Igel (46) described a method of culture using 
ful1-thickness rabbit skin attached to porcine dermis which allowed for a 
fifty fold expansion in surface area within 7-21 days. They also 
showed that in autograft covered wounds, a full-thickness wound was 90% 
reepithelialized, 80% of which was provided by the autograft, within 13 
days (47). 
Disaggregated cell culture was shown to be superior to explants for 
obtaining increased proliteration, and attempts were made to grow 
epidermal cells in this fashion. The disaggregated epidermal cells, 
obtained directly from the epidermis or briefly cultured cells, will 
reconstitute an epidermis when applied to a graft bed (44,49). 
The grafting of a stratified epithelial layer with multiplying basal 
cells appeared preferable to the use of disaggregated epidermal cells 
since a large fraction of the latter would be unable to multiply. 

8. 
Green (43) demonstrated that single cultured cells could generate 
stratified colonies that fuse and then form an epithelium very similar to 
the epidermis. This employed the addition to the medium of epidermal 
growth factor as well as agents known to increase cAMP, on 3T3 support 
systems. 
Banks-Scnlegel and Green (50) grew human epidermal cells serially to 
form a confluent epithelium. This intact epithelium was transplanted 
onto a graft bed, a full-thickness skin wound down to pannicuius 
carnosus, in athymic mice. Complete epidermis formed and remained 
healthy for as long as 108 days. 
Eisinger et al has developed a technique for growing epidermal 
cells, including human epidermal cells, in vitro without dermal elements 
or a feeder layer (51). The resulting multi-layered sheets were used as 
allografts for fresh or granulating wounds in the dog (52). Coverage was 
achieved within one week, without any signs of allograft rejection during 
a six week period of observation. The surface area could be expanded by 
2 - 5,000 times in 6 - 8 weeks. 
Cultured epithelium from autologous epidermal cells was used to 
cover ful1-thickness wounds in two patients, including beds of chronic 
granulation tissue, with promising results (54). 
Given that transplanted epidermal cultures have survived on 
granulation tissue beds (52,53,54,55), a part of this study was to employ 
the suction blister roof as donor site; the obtained epidermis would be 
grown in culture and then serve as an autograft for the chronic, 
non-healing ulcer in a given patient. 
The study was two-fold; to determine some parameters influencing the 
formation of suction blisters in humans and to study epidermal wound 
healing using the unroofed suction blister as a model. 

MATERIALS AND METHODS. 9. 
The suction blister apparatus used was constructed by the 
Engineering and Electronics Department of Rockefeller University. (See 
Figures 1 and 2.) The machine is comprised of (i) air tank and vacuum 
pump, (ii) heating system and (iii) suction cup. 
A Precision vacuum pump Model DD20 is connected to a portable air 
tank (Sears Roebuck 3.5 gallon) with recommended operating pressures of 
85-125 Psi. This, in turn, is connected to a pressure cylinder with 
gauge which has eight individual outlets. Plastic tubing can be 
unclamped as desired to connect the pressure outlet to the suction cup. 
The Matheson Pressure guage reads from 0 - 760 mm Hg. with 20 mm. Hg. 
gradations. 
The heating system consists of a source (24V/3.3A) connected to a 
temperature controller. The controller is set to achieve the desired 
temperature of tne suction cup. The controller can accommodate up to 
five suction cups, but all need to be set at the same temperature. The 
temperature probe from controller to suction cup serves as a feedback to 
controller which will, in turn, heat, cool or maintain the temperature of 
the cup as necessary. Temperature of the cup is maintained by 
alternating heating and cooling cycles. A red or green indicator signals 
which duty cycle is operational. A built in "burn safety" device 
automatically disconnects the heating source and sounds an alarm if the 
temperature rises above 40°C, or if there exists any faulty connection of 
the heating system. The model BAT 12 from Bailey instruments provides 
continuous display of the temperature to 0.1°C. 
The suction cup is a round metal cup with flanged edge and bore of 
21 mm. diameter. A transparent plastic window permits observation of the 
blistering process. Two concentric metal inserts are currently available 

10. 
to adjust tne bore diameter to 10 mm. or 17 mm. Where a greater range of 
bore diameters was desired, various glass syringes were substituted for 
the metal suction cup. Initially, a fitted styrofoam cap over the metal 
cup served as thermo-insulator. The cups have since been fitted with a 
streamlined lucite cover to achieve this purpose. 
All blisters were raised on human volunteers, the majority of whom 
were in-patients at the Rockefeller University Hospital. All patients 
had chronic non-healing ulcers. Additional volunteers were associated 
with the University Center. Informed consent was obtained (Fig 3) and a 
brief clinical history noted. Either the anterior aspect of the thigh or 
the volar surface of the forearm was selected and noted. Criteria for 
surface selection included absence of evidence of previous insult to the 
skin and a sufficient amount of supporting subcutaneous tissue. 
The skin was prepped with Povidone/Iodine x 2 for five minutes and 
then swabbed with alcohol. The suction cup was swabbed with 
Povidone/Iodine and followed by alcohol. Pressure and temperature were 
set and the suction cup taped securely to the preselected surface. The 
tubing was unclamped to release suction and the timer set 
simultaneously. All reports of altered sensation and observations of 
skin surface changes were recorded in the data base form (Fig 4.) 
Various studies were undertaken to determine parameters influencing 
blistering time (i.e., time from the application of suction to appearance 
of the first vesicle). Such parameters included bore size, temperature, 
age of individual and pressure. 
In subjects who volunteered for the age-blistering time study only, 
suction was released at the moment the first vesicle was noted and time 
recorded. 

11. 
The skin surface was examined in order to verify formation of the 
blister. In all other studies, suction was continued until the exposed 
surface was completely blistered. Time was recorded and suction 
released. The blister was swabbed witn Povidone/Iodine, followed with 
alcohol. Blister fluid was aspirated and the blister unroofed with 
sterile technique. The blister roof was submitted for either histologic 
study or tissue culture. One suction blister from patient (g) (See Table 
I) was submitted for H & E staining. The roofs from 4 suction blisters 
were submitted for electron microscopy. These were raised in (a) normal, 
healthy individual (b) Pt. (i) (porphyria variegata) - unaffected skin 
(c) Pt. (h) (epidermolysis bullosa ) - scarred and non-scarred skin. 
Blister sites were measured in supero-inferior and medio-lateral 
dimensions. The site was either left exposed or covered with a selected 
dressing. 

12. 
A . Blistering time with bore size as variable 
Blisters were raised on the anterior aspect of the thigh in three 
female and one male patient. In a given patient, blisters were 
simultaneously raised to avoid occasional variation. Pressure was set 
and maintained at 240 mm. Hg. and skin temperature at ambient room air 
was recorded. Glass syringes of varying diameter were substitued for the 
suction cup (See Fig. 2c) and blistering times recorded to within 30 
seconds. In one patient, two identical series of five blisters were 
raised on consecutive days. 
B. Blistering time with temperature as variable 
Blisters were raised on the anterior aspect of the thigh in four 
female and one male patient. This incorporated the four patients used in 
A above. Pressure was set and maintained at 240 mm. Hg. Skin 
temperature was either recorded at ambient room air or set at 34°C, 37°C 
or 40°C. Glass syringes were used for temperature at ambient room air; 
the metal suction cup was used in all other instances. Blistering time 
was recorded. 
C. Blistering time with age as variable 
Blisters were raised on the volar surface of the forearm in seven 
male and six female patients of varying age. Pressure was set and 
maintained at 240 mm. Hg and temperature at 37°C. The 10 mm. bore metal 
insert was used and blistering time was recorded. Suction was released 
the moment the first vesicle was observed and time recorded. Examination 
of the skin surface verified formation of a blister. 

13. 
D. Blistering tine with pressure as variable 
Blisters were raised on either the thigh or leg of three female 
patients. Temperature was set and pressure was varied for the blisters in 
a given patient. The 17 mm. bore insert was used and blistering times 
recorded. 
Wound healing studies 
The unroofed suction blister site served as a model for the study of 
the healing process. Observations were made on a total of 46 blister 
sites in seven patients in an attempt to identify reliable markers of the 
process and thereby determine and compare rates of healing. Blister 
sites covered with OS dressing (See Table II) were observed almost daily 
for the first 20 days or until skin markings were present. The sites 
were examined sporadically thereafter. Once the markers had been 
identified as reepithelialization and appearance of coarse skin markings, 
environmental conditions of the site were altered to examine their 
effects, if any, on the rate of healing. 
A. Effect of occlusion with moisture-vapor and 02 permeable film 
compared to air exposure on the rate of healing 
Two identical series of 6 blisters each were raised in pt. (a) on 
consecutive days. The blisters were paired for pressure, bore size and 
temperature. The first series was left exposed to the air and the second 
covered with OS dressing. Of the occluded series, the dressing was left 
intact until its removal on day 3 or 4. The site was examined grossly 
and under the Woods light after staining with Vasoflavine dye. Sites 
were followed daily and reexamined under fluorescent light when complete 
reepithelialization was suspected. 

14. 
Dressings were removed once the surface was considered completely 
reepithe!ialized. The healing of the first series was grossly observed 
and the time at which the scab fell off was recorded. All blisters were 
followed until coarse skin markings were present. 
B. Rates of healing under OS, Vig and DP 
Suction blisters were raised and unroofed in four patients. The 
sites were immediately dressed with either OS, Vig, or DD. This was 
considered day 0. Fluid was not aspirated from any site. All were first 
examined on day 2 and then reexamined when fluid was no longer present 
under the dressing. Examination was also performed with Vasoflavine dye 
whenever complete reepithelialization was suspected. Patterns of healing 
were recorded, as were time of reepitnel ial ization and the appearance of 
coarse skin markings. 
C. Effect of hyperbaric 02 on rate of healing 
Four suction blisters were raised simultaneously in pt (d), two on 
the lateral aspect of each leg. On each leg, the site was either dressed 
with OS or DD. The left leg was placed in a hyperbaric oxygen chamber 
for 90 minutes twice daily. The right leg did not receive any exposure 
to hyperbaric oxygen. Patterns of healing were observed and evaluated 
and dressings were changed at days 1, 5 and 9. 

15. 
GRAFTING 
Two grafts were attempted using the suction blister as donor site. Tnese 
were "direct" and "indirect" autografts. The direct graft used the 
blister roof as graft material; the "indirect" graft involved 
establishing a culture of the epidermal cells derived from the suction 
blister roof and subsequently grafting the cultured tissue to the ulcer 
si te. 
Direct Graft 
Four 17 mm. suction blisters were raised simultaneously on the lateral 
aspects of both legs of patient (d). The ulcer site selected had 
granulation tissue that was fairly smooth in contour and without evidence 
of any necrosis. The area was swabbed with Povidone/Iodine twice, as were 
the blisters. Each blister was unroofed with sterile technique and 
immediately transferred to the ulcer site. The four roofs covered all 
but a peripheral rim of the ulcer site. Creases in the roofs were gently 
rolled out with a gloved finger. There was slight overlap of the roofs 
centrally. The grafted site was covered with two layers of Vig. 
dressing, cut to the contour of the ulcer to level off the ulcerated 
defect with adjacent skin. A final layer of OS dressing secured the 
graft and Vig. in place. 

16. 
Indirect Graft 
Two suction blisters were raised using the 17 mm. and 10 mm. bore 
inserts in patient (a). They were unroofed and the tissue placed in a 
solution made up of the following: DMEM(Gibco), 1% gluatamine additional 
(Flow), 1% vitamin additional (Flow), 10% FBS (Flow), 1% Pen, Strep, 
Fungasone (Whittaker M.A. Bioproducts). Samples were immediately 
submitted to Dr. John Hefton, Department of Surgery, New York Hospital, 
for tissue culture. These specimens were treated and cultured according 
to the methods of Eisinger, Loo, Hefton et al (51). The sample yielded 
5.5 x 106 cells which were seeded in one T25 flask. Exclusion dye test 
revealed a 92% viability. Within two weeks, the tissue was considered 
appropriate for grafting and was transported in sterile saline to the 
Rockefeller University Hospital . 
The lateral malleolar ulcer site was selected. Granulation tissue 
without evidence of necrosis or infection was fairly smooth in surface. 
The ulcer site was swabbed with Povidone/Iodine solution twice and then 
flushed with sterile saline. With sterile technique, the tissue was 
grafted directly to the ulcer site, covering approximately the superior 
two thirds of the ulcer. The graft was covered with Adaptic and a final 
layer of OS secured over the entire area. 

17. 
RESULTS 
Hi stology 
Light microscopy revealed an intact epidermis without apparent 
abnormality. There was no adherent underlying dermis. (See Figs. 5a and 
5b). 
Electron microscopy showed the separation at the dermo-epidermal 
junction to be through the lamina lucida in three of the four samples 
submitted. 
In sample (a) from a healthy subject, there was no lamina densa over 
much of the lower surface of the epidermis. (See Fig. 6a) Hemidesmosomes 
were internalized on vesicle membranes within the cytoplasm. In the 
lower surface of the cells, increased actin filaments were seen but no 
significant microvillous transformation was apparent. 
In sample (b) from a patient with presumptive porphyria variegata, 
the hemidesmosomes were being internalized on vesicles and anchoring 
filaments were abundant at the hemidesmosomes. (See Fig. 6b) No lamina 
densa was identified. There was marked perinuclear vacuolization and a 
few short microvilli were seen at the basal surface. 
The electron micrographs of suction blister roofs from scarred and 
non-scarred surfaces in the patient with epidermolysis bullosa are shown 
in Figs. 6c a 6d). Short segments of lamina densa were identified, 
showing the cleavage plane to be uneven. Some hemidesmosomes were 
internalized on vesicles. The non-scarred sample revealed striking 
perinuclear vacuolization. There was microvillous transformation of the 
basal surface in both, but it was the most marked of all tissue submitted 
in the "scarred" sample. 

18. 
Blistering process 
Patients reported surprisingly little discomfort throughout the 
entire procedure. The appearance of the first "vesicle" was invariably 
heralded by a "burning" or "prickling" sensation. This sensation was 
reported anywhere from 10 minutes to a few seconds preceding 
visualization of the vesicle. There was also variation within an 
individual. Aspiration of blister fluid did not elicit any complaints. 
Patients did complain of burning with collapse of the blister roof, 
following aspiration, on to the underlying dermal floor. Unroofing of 
the blister caused discomfort only if the scissor edge touched the dermal 
floor or pressed against the intact adjacent cutaneous surface. There 
appeared to be more discomfort associated with blisters raised on the arm 
than on the thigh. Younger subjects tended to describe greater and more 
frequent pain, but most of these were raised on the arm. Plastic 
syringes could not be substituted for glass; the non-flanged edge is the 
most likely cause for the sharp pain associated with their use. 
With application of suction, immediately sensed by the patient as a 
slight pulling, the cutaneous surface became slightly erythematous and 
raised within the suction cup. No consistent pattern to the formation of 
the complete blister could be identified in any given patient. The first 
vesicle was centrally located in some and very close to the periphery in 
others. Development of subsequent small blisters varied greatly; some 
were adjacent to the first formed blister and others were at the opposite 
end of the cup. Once the blisters had formed, they would enlarge, 
coalesce with adjacent blisters as new blisters continued to form, until 
the exposed surface was uniformly blistered. 

19. 
Aspirated fluid was clear. Microscopic examination of the fluid 
revealed no cells. In those blister sites covered with OS dressing, 
accumulated fluid was examined at 24 and 48 hours. It was purulent and 
microscopic examination revealed an abundance of polymorphonuclear 
1eukocytes. 
Practically no evidence of trauma, other than formation of the 
blister, was identified with pressures and temperatures in the range 
described. In only one blister, raised with the 19 mm. glass syringe, 
240 mm. Hg. and at ambient skin temperature, did the skin appear 
ecchymotic; suction was immediately released and the discoloration 
subsided momentarily. After unroofing, the exposed dermal surface 
occasionally showed minimal oozing of blood. 

20. 
A. Blistering Time with Bore Size as Variable 
Table III presents the raw data obtained and Table IV summarized the 
results from patients (a), (b), (c) and (e). Student t test performed 
shows that the differences in mean blistering times obtained for bore 
sizes 8.5 mm., 14 mm. and 19 mm. are not statistically significant (p 
0.10). The second series in patient (a) showed only a 30 second 
difference in blistering time with a greater than four-fold difference in 
bore size (4.5 mm. vs. 19 mm.). 
B. Blistering Time with Temperature as Variable 
Table III presents the raw data obtained and Table V summarizes the 
results, showing mean blistering times obtained at varying temperatures. 
Student t test shows that the difference in blistering times between 31°C 
and 37°C is statistically significant (p 0.0005), as is true for the 
difference between 31°C and 34°C (p 0.01) and 34°C and 37°C (p 
0.01). These results support a hypothesis that the greater the 
temperature, the lesser the blistering time. Only one exception to this 
was seen in Patient (e) where the blistering time at 37°C was greater 
than that at 34°C. 
C. Blistering Time with Age as variable 
Results are shown in Table VI. There is an uneven age distribution 
with all male and all but one female patient under the age of fifty 
years. Both male and female subjects displayed a trend of decreased 
blistering time with increasing age. In matching sex for age as closely 
as possible (within the decade), females consistently showed greater 
blistering time by at least 8 minutes. Figure 7 illustrates these two 
observations. 

21. 
D. Blistering Time with Pressure as Variable. 
Results are shown in Table VII in patients (c), (d) and (g). No 
conclusions can be drawn from the results obtained. In patients (c) and 
(g), a pressure increase resulted in a decreased blistering time. In pt. 
(d), however, there was no correlation between pressure change and 
blistering time e.g. 2 blisters raised on the leg with a pressure 
difference of 100 mm. Hg., developed the first vesicle 30 seconds apart. 
Wound Healing. 
From initial observations on the course of healing, two parameters 
were identified viz. reepithelialization and the appearance of coarse 
skin markings. 
Vasoflavine dye is a biphenyl, water-soluble, weakly acidic dye with 
chelating properties. It reportedly specifically stains stratum corneum 
and fluoresces under the Wood's lamp. It was difficult to determine 
precisely which cells & tissue were taking up the dye. Only a few 
attempts to correlate gross observations with fluorescent examination 
were fruitful. The examples shown in Figs. 8 & 9 demonstrate that the 
center of the blister site was not yet reepithe!ialized and was white 
under fluorescence, compared to the surrounding yellow periphery. It did 
serve as an aid to verify reeipthelialization, however. If a wound 
surface appeared grossly reepithelialized yet small defects could be 
identified with the dye, it was not considered reepithelialized for 
purposes of this study. 
Following reepithe!ialization, the most superficial epithelial layer 
would peel off, under which skin markings were observed. (See Fig. 10) 
These were not as intricate as adjacent dermoglyphics, but the entire 
area did eventually become uniform. 

22. 
A. Effect of Occlusion 
Results are shown in Table VIII, Figs. 11 and 12. The dimensions 
of the blister site were recorded to adjust for any difference in time of 
reepithelialization based on a larger surface area. The areas of the 
paired blister site were not, however, different enough to account for 
the difference found in appearance of skin markings. 
Of those blisters left exposed to the environment, the patient 
complained of some irritation at all blister sites and restricted motion 
to avoid trauma. Within a day, all sites had developed a dry scab on an 
erythematous base. The erythema resolved over several days as the scab 
persisted and became thicker and dryer in appearance. It was impossible 
to evaluate reepithelialization under the scab. The scab fell off from 
16-18days. Coarse skin markings were noted in all blister sites at 
19days. In one blister site, there was a persistent, erythematous nodule 
at the peripery of the scab which resolved several days after the scab 
had fallen off and with application of warm soaks. No other evidence of 
infection was demonstrated at any other blister site. 
The healing of the occluded blister sites contrasted markedly with 
those exposed. The patient had no complaints of irritation or restricted 
motion. Fluid accumulated under the dressing and was left undisturbed 
until 3 or 4 days. Initial observations of sites examined daily, showed 
formation of a concentric "rim" around the periphery, usually by day 2 or 
3. This did stain differently from adjacent, uninjured skin and the 
center of the blister site. Staining also revealed a speckled pattern of 
dye uptake centrally which could not be observed with the naked eye. 

23. 
By day 3-4, the dried skin surface was smooth, clear and only 
slightly erythematous. There appeared to be a thin film of epithelial 
cells covering the surface of the blister site; the VF dye verified 
whether or not it was a smooth, intact surface without defects. When 
this was used as the point of reepithelialization of the site, removal of 
the dressing at that time did not result in subsequent scab formation or 
defect. When the OS was stripped from the skin surface, some of the 
adherent epithelial cells may have been removed from the blister site. 
The epithelial layer would subsequently peel off, under which coarse skin 
markings could be visualized. This occurred from 7-12 days i.e. the 
appearance of coarse skin markings in occluded sites preceeded those of 
exposed sites. Finer skin markings equivalent to dermoglyphics on 
adjacent skin appeared later, but were not used as a marker in this 
study. Therefore, in the occluded sites with evaporation of moisture 
vapor and local supply of oxygen, healing appeared faster than in the 
exposed sites. Cosmesis in the occluded sites was more desirable. 
Differences could be noted for as long as 6 months. 
In all sites examined in black subjects, hyperpigmentation 
resulted. The pattern and extent of hyperpigmentation varied among the 
subjects. In one individual, the outermost rim of the site first 
developed small, circular, hyperpignented macules; this extended around 
the entire circumference and subsequently into the central area of the 
site (See Fig. 13a). In anotner, there was no evidence of 
hyperpigmentation at the blister margin, but rather some speckling in the 
center of the wound (See Fig. 13b). 

24. 
B. Rates of healing under OS, VIG. and DP. 
Results are shown in Table V in patients (b, (c), (d) and (f). 
Reepithelialization and the appearance of skin markings occured at the 
same time in wounds covered woth OS and Vig in a given patient. However, 
in two of the three subjects tested, the wounds covered with Vig were 
somewhat smaller than those covered with OS. It was a little more 
difficult to evaluate reepithelialization under Vig. as the surface did 
not appear as snootn. However, when the Vig dressing was removed having 
considered the site completely reepithelialized, there was no subsequent 
scab or defect formation. The healing process under DD appeared to 
proceed differently. Fluid collected under tne dressing at the blister 
site until day 5. The site was covered with a red/brown film centrally. 
A peripheral rim appeared reepithelialized. The DD dressing was replaced 
and when subsequently removed, the red/brown film was buried in the 
undersurface of the dressing and a smooth, clear reeipthelialized surface 
was exposed. (See Fig. 14) In three of four patients tested, skin 
markings appeared earlier in sites covered by DD, when compared with OS 
and VIG. In patient (c), the appearance of skin markings appeared some 
11 days earlier in the DD covered sites. There was no difference in the 
rate of reepithelialization in this patient, however. 
C. Effect of 0? on rate of healing 
Results are shown in Table VI. The results indicate that healing was 
hastened by the DD dressing over the OS dressing. Of the sites covered 
with OS, that exposed to O2 showed no increase or decrease in the rate of 
healing. Sites were only followed for 9 days, however, and therefore no 
conclusions can be drawn as to the effect of hyperbaric O2 on the rate of 
healing. One can only comment that the hyperbaric O2 had not speeded the 
rate of reepithelialization by 9 days. 

25. 
Autografts 
Pirect 
The right medial ankle ulcer prior to graft is shown in Fig. 15a. 
The site immediately following graft in Fig. 15b shows the small areas of 
overlap of graft material centrally. The blister roof grafted to the 
left, superior portion of the ulcer shows some rolling of its edge on 
itself. Significant amounts of sero-sanguinous fluid accumulated under 
the OS dressing but the site remained without erythema or pain. The 
dressing was left intact until 8 days post graft. The entire dressing 
was removed at this time. Fig. 15c shows no evidence of necrotic tissue 
at the grafted site. The graft tissue appeared viable. Fairly forceful 
flushing of the site with sterile saline failed to dislodge the graft 
tissue. Two layers of Vigil on and a cover of OS were replaced. The 
patient was followed subsequently as an outpatient. Return visit 20 days 
post graft showed reaccumulation of fluid under the dressing; the 
epidermal grafts remained in place despite forceful flushing with sterile 
saline; all borders of the epidermal grafts were still clearly visible. 
At 36 days, the graft was sloughing off; the ulcer was completely filled 
in from behind, however. 

26. 
Indirect 
The left lateral ankle ulcer prior to graft is shown in Fig. 16D. 
The graft removed from its culture media, in saline and ready for 
grafting is seen in Fig. 16a. The graft material covered approximately 
V2 - 2/3 of the superior portion of the ulcer. It was barely visible 
in place, given its transparent quality. The border could however be 
well visualized and was marked with a sterile skin marker (Fig. 16c) 
Fluid collected under the OS dressing almost immediately, necessitating 
removal of the entire dressing. The site was non-erythematous; the 
entire site was gently cleaned with H202:H20 (1:1), Povidone and sterile 
saline. A clean OS dressing was replaced. At 3 days, the graft was 
intact with minimal fluid reaccumulation ensuing over the next few days. 
By 3 days, the graft appeared to have taken, increasingly evident by 
about 11 days. Minimal fluid collection continued under the dressing 
until approximately 20 days post graft. By this time, the ulcer site 
appeared almost completely reepithelialized except for a few isolated 
defects in the inferior, non-grafted portion of the ulcer. For this 
reason, the OS dressing was replaced until 27 days post graft, at which 
point the area was completely reeipthelialized (Fig. 16f). An OS 
dressing, technically unnecessary, was kept over the area. The patient 
was discharged home with a dry, sterile gauze dressing over the area for 
added protection. The site remained reeipthelialized; at a follow-up 
visit 42 days post graft, the lateral and inferior borders of the grafted 
site showed evidence of breakdown and at 46 days, tne entire grafted site 
had ulcerated and was covered with necrotic tissue. 

27. 
Temp, display 
Fig. 1. Suction blister apparatus: schematic diagram. 
(Rockefeller University - El.ectronics/Engineering Depts.) 

28. 
Fig. 2(a). Suction blister apparatus. 
Fig. 2(b). Suction cup with thermo-insulator. 
10 mm. and 17 mm. bore inserts are 
shown to the left. 

29. 
Fig. 2(c). Glass syringes were substituted for the metal suction 
cup to vary diameter of bore size. Formation of blisters 
can be visualized through the syringe. 

THE rockefeller university hospital 30. 
New York, N.Y. 
10021 
CONSENT FOR 
SPECIAL DIAGNOSTIC OR THERAPEUTIC PROCEDURE 
INSTRUCTIONS: Use this form for all biopsies, aspirations, 
endoscopies, blood transfusions, lumbar punctures, special 
radiologic exams such as intravenous pyelogram, therapeutic 
phlebotomies, intubations, and similar special procedures. 
U) 1/ M.1 I iTLFi t <?J->?_, hereby consent to the 
following^medical procedure : _• 
(2) This procedure is being performed by or under the direct 
supervision of Dr. _. 
(3) I further consent to the use of local anesthesia if it is 
deemed necessary by my physician for the performance of 
the above procedure. 
(4) My physician has explained to me the possible discomforts 
and risks attendant to this procedure, the medical 
benefits that I might reasonably expect, and the appropriate 
alternative procedures that might be used to meet my 
medical needs. 
(5) I further grant permission for the use of any tissues 
removed during this procedure for purposes of pathological 
diagnosis, and thereafter for the advancement of medical 
science, research and education. I also grant permission 
for their disposal, as The Rockefeller University 
Hospital may designate. 
FIGURE 3 

31. 
(6) My physician has offered to answer any questions I 
might have concerning this medical procedure. 
(7) I understand that I am free to withdraw this consent 
at any time. 
N.B. If the patient is under 18 years of age, parent or legal 
guardian must sign, unless the patient is married or the 
parent of a child. 
PHYSICIAN'S STATEMENT 
I have offered an opportunity for further explanation of this 
procedure to the individual whose signature appears above, 
and I certify that this procedure is to be performed by me or 
under my direct supervision. 
( Wl/Y, CL-vX t A/v 
Signed _ 
dx 
M.D. 
FIGURE 3 (continued) 

SUCTION BLISTER 
Patient Information: Name: 
Date of birth: 
Sex: 
Diagnosis: 
Clinical history: 
Physical exam: 
Blister Site: 
Date: 
Temperature: 
Bore size: 
Pressure: 
Dressing: 
Time Observations 
FIGURE 4 

33. 
Time Observations 
Supero-inferior 
Day #0 with v.f, • dye 
w/o v.f. dye 
Day # w. vf 
w/o vf 
Day # w. vf 
w/o vf 
Day # w. vf 
w/o vf 
Day # w. vf 
w/o vf 
Day # w. vf 
w/o vf 
Day w. vf 
w/o vf 
Day # w. vf 
w/o vf 
Blister Dimensions 
Medio-1ateral Observations 
FIGURE 4 (continued) 

34. 
Fig. 5(a). Blister roof. H&E staining. 
Fig. 5(b). Blister roof. H&E staining. 



35. 
Fig. 6(a). Electron micrograph of blister roof after complete separation, 
in a healthy subject. Cleavage is through the lamina 
lucida; no lamina densa is evident. Arrow in the upper 
right corner indicates internalization of the hemides- 
mosomes on vesicles. There is no microvillous transfor¬ 
mation noted. Desmosomal cell to cell contacts are 
intact. 



36. 
Fig. 6(b). Electron micrograph of blister roof after complete 
separation in a patient with presumptive porphyria 
variegata. Abundant anchoring filaments are noted 
at the hemidesmosomes (a). The process of inter¬ 
nalization of the hemidesmosomes is just beginning 
No lamina densa is identified. 



37. 
Fig. 6(c). Electron micrograph of blister roof after complete 
separation in a patient with epidermolysis bullosa - 
dystrophic form. Specimen was taken from non-scarred 
skin. Note paranuclear vacuolization (v) with a rim of 
cytoplasm separating the vacuole from the nuclear 
membrane. No lamina densa is identified in this 
particular view, although segments were seen attached 
to the undersurface of the basal cells in this 
specimen. No significant microvillous transformation 
is noted. 



38. 
Fig. 6(d). Electron micrograph of blister roof after complete 
separation in same patient as that of Fig. 6(c). 
Specimen was taken from scarred skin. Note 
extensive microvillous transformation of basal 
surface (arrows). Lamina densa is identified in 
parts (d), indicating an uneven cleavage plane. 
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40. 
Fig. 8(a). Unroofed blister site at 7 days. Blister 
was occluded with OS dressing. Rim of 
reepithelialized wound is seen extending 
inwards from wound margin. Central, more 
erythematous area, is not yet reepithelialized. 
Fig. 8(b). Blister site in Fig. 8(a) stained with 
Vasoflavine dye, as seen under fluorescent 
1ight. 

Fig. 9(a) dimensions: 
(a) 15.5 mm. 
(b) 6.2 mm. 
(c) 10.5 mm. 
(d) 3.5 mm. 
Expected dimensions in Fig. 9(b) 
(a) 12.9 mm. 
(b) 5.17mm. 
(c) 8.7 5mm. 
(d) 2.92mm. 
Fig. 9(a). Tracing of Fig. 8(a). 
Scale: 1.2 cm. in Fig. 8(a) (on photographic guide) 
= 1.0 cm. in Fig. 8(b). 
Areas bounded by (a&c) blister site 
(b) central, nonepithelia 1ized portion 
(d) reepithelia 1ized border 
(e) adieacent, nonwounded skin 
-id) 
Fig. 9(b). Tracing of Fig. 8(b) 
Dimensions on photographic 
guide of Fig. 9(a): 
(a) 12.2 mm. 
(b) 5.5 mm. 
(c) 9.0 mm. 
(d) 2.9 mm. 
Converted actual measurement: 
(a) 14.6 mm. 
(b) 6.6 mm. 
(c) 10.8 mm. 
(d) 3.8 

42. 
Fig. 10. Markers of the healing process. 
(a) Intact newly formed epithelial layer; 
no skin markings visible. 
(b) Newly formed epithelial layer peeling 
off wound. 
(c) Underlying surface with visible skin 
markings. 

I. 11(a). Intact blister. Fig. 11(b). Unroofed blister site. 
Site to be exposed. 
9- 11(c). Wound site erythematous 
d showing initial scab formation 
1 day. 
Fig. 11(d). Wound site with scab 
formation and significant erythema 
of adjacent skin, at 4 days. 

44. 
Fig. 12(a). Unroofed blister site. Site to be occluded 
with an oxygen and moisture vapor permeable film (OS). 
Fig. 12(b). Occluded blister site at 4 days (incorrect label 
on blister #4; should be #10). There was no scab formation 
nor significant erythema of adjacent skin. What appears to 
be erythema of adjacent skin, is some dried fluid which had 
been present under the dressing. 

Fig. 11(e). Exposed wound site at 7 days, with 
persistent erythema. 
1(F). Exposed site at 12 days. 
Ppears thicker. Erythema of 
,nt skin has resolved. 
Fig. 11(g). Exposed site at 19 days. 
Scab has fallen off; site is erythematous; 
skin markings could be visualized but the 
skin surface was not smooth. 

46. 
Fig. 12(c). Occluded site at 7 days. There is minimal 
erythema at site and none of adjacent skin. Surface has 
completely reepithelialized. The superficial epithelial 
layer is beginning to peel off. 
Fig. 12(d). Occluded site at 12 days. 
The site is barely visible. There is 
no erythema; skin markings are visible. 
Fig. 12(e). Occluded site at 19 days. 
There is no erythema; slight hyperpig¬ 
mentation is evident on a smooth skin 
surface. 

47. 
Fig. 13(a). Wound site which had been occluded with OS, 
at 25 days. Note hyperpigmentation circumferentially 
at wound margin and in central area of site. 
Fig. 13(b). Wound site which had been occluded with OS, 
at 25 days. No hyperpigmentation is evident at wound 
margin; repigmentation is evident in center of wound 
site. 

48. 
Fig. 13(c). Wound site which had been occluded with OS, 
at 8 days. Note two hyperpigmented macules at wound 
margin. This site is on the same patient as that shown 
in Fig. 13(b). 
Fig. 13(d). Wound site which had been occluded with OS, 
at 40 days. The entire site shows only minimal hyperpig¬ 
mentation in a white subject. 
» 
49. 
Fig. 14(a). Wound site with DD dressing removed at 6 days. 
Red/brown material is adherent to the wound, and the border 
appears reepithelialized. 
Fig. 14(b). Wound shown in Fig. 14(a) with DD dressing 
removed at 11 days. Wound surface is smooth. Red/brown 
material was buried on the undersurface of the DD dressing. 

Fig. 15(a). Ankle ulcer prior to grafting. 
Fig. 15(b). Ankle ulcer immediately post grafting. 

51. 
Fig. 15(c). Ankle ulcer 8 days post grafting. 

52. 
Fig. 16(a). Tissue grown from epidermal cells, ready 
for grafting. 
Fig. 16(b). Ankle ulcer prior to grafting. 

53. 
Fig. 16(c). Ankle ulcer immediately post grafting. 
Skin markers indicate extent of grafting. 
Fig. 16(d). Ankle ulcer 8 days post grafting. 

54. 
Fia. 16(e). Ankle ulcer 11 days post grafting. 
Fig. 16(f). Ankle ulcer 27 days post grafting. 

55. 
Table I. Patient Description. 
Patient (a): 
Patient (b): 
Patient (c): 
Patient (d): 
Patient (e): 
Patient (f): 
Patient (g): 
Patient (h): 
Patient (i): 
56 yr. old WF with leg ulcers of unknown etiology. History of 
iron deficiency anemia. 
68 yr. old WF with lividoid vasculitis. History of 
hypothyroidism and congestive heart failure. 
75 yr. old WF with venous stasis ulcers. History of asthma. 
75 yr. old BF with venous stasis ulcer, sick sinus syndrome, 
hypertension, rheumatoid arthritis. 
38 yr. old obese WM with venous stasis ulcers. 
56 yr. old WM with scleroderma. 
77 yr. old BF with decubitus ulcers. 
44 yr. old WM with epidermolysis bullosa - dystrophic form. 
History of squamous cell ca. and basal cell ca. 
44 yr. old WF with presumptive diagnosis of porphyria variegata, 
All patients with the exception of patient i, were inpatients at the 
Rockefeller University Hospital admitted for chronic non-healing ulcers. 
Patient i was an outpatient at the Rockefeller University Hospital. 
Table II. Dressing Product Description. 
OS An adhesive 0.07 mm. transparent, occlusive, oxygen and vapor-permeable 
membrane, polyurethane film. 
(Op-Site, Smith and Nephew Research, England.) 
Vig An inert, cross-linked polyethylene oxide continuous hydrogel sheeting, 
centered by a low-density polyethylene net. The dressing is backed on 
both sides by a removable, inert, polyethylene film that controls water 
vapor transmission. It is permeable to both O2 and C02- 
(Vigilon, Bard, N.J.) 
DD This 1.5mm opaque dressing contains hydroactive particles surrounded by 
an inert, hydrophobic polymer. The adhesive qualities of the polymer 
bind the hydroactive particles and provide the structural matrix of the 
dressing. This adhesive dressing is covered by an outer, flexible layer, 
rendering it occlusive and O2 impermeable. 
(Duoderm, Squibb, N.J.) 

56. 
Table III. Blistering tii.ie with bore size or temperature as variable. 

57. 
Table IV. Blistering Time with bore size as variable 
Bore Size (mm.) Mean blistering time and standard deviation (mins.) 
8.5 (n=5) 43.5 + 5.1 
14 (n=3) 49.17 + 7.28 
19 (n=5) 47.0 + 8.0 
Table V. Blistering time with temperature as variable 
Temperature (°C) Mean blistering time and standard deviation (mins. 
31 (n=l7) 44.9 + 6.3 
34 (n=2) 32.0 + 5.6 
37 (n=l1 ) 18.6 + 6.5 
40 (n=l) 19.5 " 
Table VI. Blistering time with age as variable 
Pressure = 240 mm. Hg.: Temperature 
Mai e 
= 37.0°C: Bore 
Female 
size = 10 mm. 
Age (years) Blistering time (mins.) Age (years) Blistering time (mins.) 
21 35 14 46 
24 33 25 46 
25 38 32 48.5 
29 26.5 42 33 
35 30.5 44 32 
33 34.5 75 13.5 
47 16 

58. 
Table VII. Blistering time with pressure as variable 
Temperature (°C) Pressure (mm. Hq.) Blistering time (mins.) 
Patient (c) 37.0 210 21 
(thigh) 37.3 240 13 
Patient (d) 37.1 240 22 
(thigh) 37.1 280 30 
39.2 200 50 
(leg) 40.2 200 31 
39.8 300 31.5 
39.1 300 21 
Patient (g) 37.2 240 58 
(thigh) 37.1 260 48 
Table VIII. Effect of Occlusion on Rate of Healing 
_Air Exposed_ 
Dimensions (cm.) 
supero-inferior 
x medio-1ateral 
scab off coarse skin markings 
1.4 x 1.7 day #16 day #19 
0.4 x 0.3 18 19 
0.7 x 0.7 18 19 
1.0 x 1.0 16 19 
1.3 x 1.1 17 19 
1 .8 x 1.1 16 19 
x = 16.83 x = 19 
s.d. = 0.81 s.d. = 0 
Occl uded 
Dimensions (cm.) Reepithe!ializaion coarse skin markinas 
1.5 x 1 .4 day #7 day #11 
0.3 x 0.3 4 11 
0.6 x 0.5 5 7 
0.9 x 1.0 6 12 
1 .3 x 1.1 6 7 
1.6 x 1.5 7 11 
x = 5.83 x = 9.83 
s.d. = 1 .03 s.d. = 2.03 

59. 
Table IX. Rates of healing under OS, Vig, and DP 
Patient (b) Dimensions (cm.) Dressinq Reepi thel ialed Skin markings 
1.3 x 1.6 OS day #8 day #8 
0.4 x 0.5 OS 8 12 
1.4 x 1.5 DD 3 12 
Patient (c) 1.2 x 1.5 OS 5 18 
0.5 x 0.5 Vig 5 18 
1.1 x 1 .5 DD 5 7 
Patient (d) 1.5 x 1.3 OS 12 13 
1.4 x 1.7 Vig 12 13 
1.6 x 1.5 DD * 11 
Patient (f) 1.5 x 1.7 OS 8 9 
1.0 x 1.5 Vig 8 9 
1.3 x 1.2 DD 7 8 
* unable to evaluate 
Table X. Effect of 0? on rate of healing 
Dimensions (cm.) 
*1.6 x 1.6 
1.5 x 1.3 
1.4 x 1 .2 
1.1 x 1.3 
Dressing 
DD + O2 
OS + O2 
OS 
DD 
Skin markings_ 
day #9 
not yet reepithe!ialized by day #9 
not yet reepithel ial ized by day #9 
day #9 - skin markings on periphery 
with small central area not 
yet reepithelial ized. 

60. 
DISCUSSION 
Suction induced demo-epidermal separation 
The suction induced changes in the epidermis presented here confirm 
those previously reported (13,14). In healthy subjects, a neat plane of 
cleavage occured at the dermo-epidermal junction, through the lamina 
lucida. It has been established that microscopic separation occurs well 
before clinical vesiculation is evident (13). The process of 
separaration is a gradual one; detachment of hemidesmosomes begins soon 
after the application of suction and progresses continuously as suction 
is maintained (56). Since anchoring filaments were visualized attached 
to the hemidesmosomes, the cleavage must have occured between the 
anchoring filaments and the basement membrane, this representing the 
weakest junctional point in the skin. This is in agreement with that 
reported by Beeren et al (56). The identical plane of cleavage has been 
reported for mild freezing blisters (57) and for lesions of epidermolysis 
bullosa hereditaria 1etalis (53). Hunter (14) reported occasional uneven 
separation. The only specimens in which lamina densa was evident, are 
those from the patient with epidermolysis bullosa. In these samples, a 
weaker point might exist at the anchoring fibrils and so it is at a 
sublaminar zone that cleavage occurs. Kiistala proposed that the 
hemidesmosomes of the basal keratinocytes detached from the dermis due to 
the tension of the accumulating fluid between the basal cell membrane and 
the basement membrane. The desmosomal cell to cell contacts were able to 
resist this tension (13). 

61. 
Paranuclear vacuolization has been consistently reported 
(13,14,19). Copeman and Hunter agree that the vacuolization and 
resultant crescentic deformation of the nucleus are the most prominent 
suction induced changes in the epidermal cells. A distinct rim of 
cytoplasm could be seen between the outer nuclear membrane and the 
vacuole; this is in agreement with Hunter's findings rather than 
Kiistala's which describe the location of the vacuoles between inner and 
outer nuclear membranes. A direct communication between endoplasmic 
reticulum and the intercel1ular space has been shown to exist and this 
unfolds with direct osmotic action over the membrane (56,59). Hunter 
suggested that suction might be sufficient to induce this. He also 
proposed that these channels do not exist in dendritic cells and this 
accounts for their absence in these cells. Alternatively, the 
keratinocytes are more susceptible to the effects of suction than are 
dendritic cells because of their intercel1ular connections (14). Beerens 
feels that these vacuoles do not play an important role in the 
dermo-epidermal separation induced by suction, and that fluid that 
accumulates within the vacuoles could do so in any place in the viable 
epidermis (59). 
van der Leun et al showed that with suction pressures ranging from 
100 mm. Hg. to 710 mm. Hg, increased suction pressure resulted in 
decreased blistering time (3). I was unable to confirm these results. 
The data are insufficient, however, and a broader range of pressures 
needs to be tested in order to make any conclusions. Based on their 
results, they proposed a viscous model of dermo-epidermal adherence, 
finding a theory of viscous slip the most satisfactory. According to 
this theory, the bonds attaching epidermis to dermis extend at a steady 
rate under a constant stress and will break if the slip has caused 
adequate elongation. 

62. 
My results show a strong dependence of blistering time on 
temperature between 31°C and 37°C. In interpreting the data, one assumes 
that there is no inherent difference in blistering time with the use of a 
glass syringe or a metal suction cup. The glass syringe was used for all 
blisters raised at ambient skin temperature ( 31°C) and the metal suction 
cup for those at 34°C and 37°C. The temperature device of tnis 
particular suction apparatus allows for well controlled monitoring of the 
temperature; this resembles the heating coil used by van der Leun et al 
(12), but is superior to that of Peachey where the arm was submerged in a 
water bath and needed repeated removal for observation (11). These 
results confirm those previously reported i.e. an increased temperature 
leads to a decreased blistering time, van der Leun concluded, based on 
the strong influence of temperature on blistering time, that the 
adherence of epidermis to dermis is of a highly viscous nature (12). 
Based on the findings that very low suction pressures over extended 
periods of time failed to induce blistering, van der Leun et al assumed 
that a second, non-viscous element must be operational at the 
dermo-epidermal junction. They concluded from studies on interrupted 
suction, that it was a process of repair. Interstitial pressures in 
normal and edematous skin should result in spontaneous blister formation 
at two days and between two and ten days respectively, based on the 
findings of blistering time at various pressures. It was proposed that 
it is the repair mechanism which prevents this (60). 
Electron microscopic changes with interrupted suction showed that 
after partial separation of the epidermis from the dermis, a rapid 
regeneration of the junction occurs. This process is described in two 
phases: (a) realignment of basal cells to the basement membrane with 
autophagocytosis of hemidesmosomes and (b) de novo formation of 
hemidesnosones (56). 
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The electron microscopic changes I found, although at complete 
separation, would support this view. In the normal, healthy subject, 
hemidesmosomes were internalized. One could propose, then, that in 
clinical states of spontaneous blistering, the repair mechanism is either 
delayed or defective. This is further supported by the changes seen in 
the patient with porphyria variegata. The process of internalization of 
hemidesmosomes was only just beginning; this was not due to an 
abbreviated exposure to suction. Despite her disease, the blistering 
time was over 40 minutes, and the blister was unroofed after close to one 
hour of suction. This would fall within a normal range for healthy, 
female subjects. If the repair process was delayed, though, the 
blistering time should have been shorter, and this is somewhat confusing. 
The microvillous transformation of the basal membrane of the basal 
keratinocytes is of interest. It was only noted in the patients with 
blistering diseases. It was more extensive in the patient with 
epidermolysis bullosa than the patient with porphyria. The blister 
examined from the scarred skin surface in the patient with epidermolysis 
bullosa was induced almost instantaneously. The blister fluid was also 
bloody, unlike all others in which it was clear. This is in keeping with 
a deeper plane of cleavage with injury to the microvasculature of the 
dermis. It is difficult to account for this transformation as pseudopods 
that would subsequently engulf the hemidesmosomes, as there was virtually 
no time for a repair process to be operational. I cannot explain the 
spontaneous blistering in this patient, then, based on an ineffective 
repair mechanism. Given this transformation, de novo formation of 
hemidesmosomes would not lead to effective dermo-epidermal adherence. 
Unless the basal surface over time would resume a border without 
villi, one could anticipate facilitated blistering at the same location 
in the future. 
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The finding that blistering time is independent of bore size 
confirms observations previously made (8). The negative pressure must be 
evenly distributed over the given area of epidermis and thus separation 
will occur as a measure of adherence at the same time, regardless of bore 
size. 
Decreased blistering time with increasing age confirms those 
previously reported (3,10). Based on the discussion above, this could be 
due to a weaker adherence of hemidesnosomes to basement membrane, fewer 
hemidesmosomes, or a retarded repair process. Grove et al has described 
changes in chemically induced blisters with age. These blisters were 
sub-corneal; they did not extend to the basement membrane They 
attributed a decreased initial blistering time (time to clinical 
vesiculation) in the older cohort to increased diffusion through 
appendageal shunts, or loss of stratum corneum integrity. The prolonged 
time to produce a complete blister was attributed to a diminished 
microvasculature unable to supply fluid to fill the blister (61). This 
study indcluded only young adults and older adults, without an 
intermediate age spectrum. As I have reported, they also noted decreased 
sensitivity to the procedure in older adults. From my study, it is 
unclear as to whether this is an age-related phenomenon or one of 
location of the blister as most younger subjects had blisters raised on 
the forearm, and older subjects on the thigh. It is also interesting to 
note that females exhibit prolonged blistering times when compared with 
males. Peachey noted this sex difference only in a younger age cohort 
(10). In a theory of physiologic age vs. chronologic age, one could then 
conclude that the females have a younger physiologic than chronologic 
age, when compared with their male counterparts. 

65. 
Wound Healing 
The Vasoflavine dye was not found to be beneficial as a non-invasive 
tool for evaluating epidermal wound healing. Although care was taken to 
minimize disruption of the healing surface by gently flushing the site 
with the dye through a syringe, some dislodgement of cells is bound to 
have occurred. For the most part, it was difficult to determine just 
which cells were taking up the dye and the degree of dye uptake was 
variable. It also appeared to be time dependent; appearance of the wound 
at one minute and three to five minutes was different. It was mainly the 
area extending inward from the margin which took up the dye; this area 
did appear to extend further inward as healing progressed. This could be 
accounted for by keratinization of the newly formed epidermis from the 
wound margin. No evidence of keratinization could be identified within 
the center of the site surrounding the appendages. The dye did help in 
verifying complete reepithelialization at which point staining was 
uniform. 
Gross observations were found to be more reliable indicators. There 
are some problems with the use of these parameters viz. 
repithelialization and the appearance of skin markings. It has been 
established that the film is adherent to the wound and stripping of the 
dressings leads to damage of the newly formed epidermis (67). For this 
reason, removal of the dressings was minimized wherever possible. 
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The appearance of skin markings could also be influenced by trauma 
to the newly epithelialized wound; rubbing or pulling on the wound could 
dislodge the superfical epithelial layer resulting in the appearance of 
skin markings earlier than would otherwise be documented. Appearance of 
major skin markings has been used to compare healing rates in different 
age groups; the wound was a sub-corneal bulla. The reestablishment of 
major skin markings began as early as day 3 in young adults and 
significantly later in the older cohort (62). In my study, the 
restoration of skin markings occurred at the earliest by day 7, and by 
day 10 - 11 on average. This difference may be due to the deeper 
cleavage induced by suction. 
Winters, Hinman, Maibach and Rovee have shown that occlusive 
dressings promote more rapid reepithelialization (63-65). This has been 
supported by the work of others (41,66,67). The impact of occlusion has 
been demonstrated on all three elements of epidermal repair i.e. mitosis, 
migration, and differentiation. In an occluded wound, the epidermal 
cells are able to migrate unhindered, at two to three times the normal 
rate, through the serous exudate, over the dermis; in a dry wound, these 
cells must force their way through the fibrous tissue under the scab 
(25). By blowing fast moving air over the wound surface, even more 
dermis is incorporated into the scab and the epidermal cells must bury 
yet deeper (63). Winter has shown that under polyethylene film there is 
an earlier burst of mitotic activity with more cells entering the cell 
cycle. There appears to be some disagreement over this. Rovee, in 
tape-stripped wounds, found that the magnitude and duration of mitotic 
response was significantly greater in air-exposed than in occluded wounds 
(65,68). Occlusion appears to have no effect on differentation (65). 
Winters felt that occlusion of the wounds was the most significant factor 
in determining the speed of healing. 
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The differences in rate of healing and resultant cosmesis in 
occluded versus exposed wounds were striking in the model I examined. 
Differences could actually be noted for as long as six months, albeit 
minimal by that time. Altnough complete reepithelialization could not be 
evaluated under the scab, the appearance of skin markings was markedly 
delayed in the exposed sites. Mo incidence of infection was noted with 
OS despite the collection of moist exudate under the dressing, an ideal 
milieu for bacterial colonization. Infection with Staph, aureus has been 
reported (69). The dressing is reportedly impermeable to liquid and 
bacteria, and my results support this. 
In a study comparing the rates of epidermal wound healing under OS 
and Vig, OS was noted to promote reepithelialization by 44% and Vig by 
24% over untreated controls (70). Although occlusive film significantly 
promoted reepithelialization, I found no difference in the rate of 
healing between OS and Vig. In a report of surgically incised wounds 
covered witn Vig, reepithelialization appeared complete at 48 hours 
(71). In no site, did I find reepithelialization to be completed this 
early, although one must take into account the different nature of the 
wound. Mandy (71) preferred Vig over OS because of its non-adherent 
quality which facilitated dressing removal and allowed for the 
concomitant use of antibiotics. 
DD appeared to promote healing over OS and Vig. This does not 
support Silver's theory that the migration rate of epidermis is 
correlated with the degree of oxygen permeability of the dressing (72). 
DD does not allow for the passage of O2 in its hydrated or dehydrated 
state. This confirms the report of Alvarez et al, in which DD produced a 
significantly greater number of resurfaced wounds earlier than did OS 
(67). 

68. 
They attributed this difference in part, to the rewounding that 
ocurred with removal of the OS dressing (67). Of the three dressings 
evaluated, then, epidermal healing appeared to be promoted most by the DD 
dressing. Perhaps there is some active substance within the DD dressing, 
or a substance which is released upon dissolution of the dressing with 
the exudate that stimulates one or all phases of epidermal wound 
heal ing. 
Since the epidermis has no blood supply of its own, its need for 
oxygen and other nutrients is met from the dermis. A gradient of oxygen 
tensions across the epidermis has been documented. Silver has shown that 
there is little oxygen available on the surface of human shallow wounds; 
migrating epidermal cells must compete with the polymorphonuclear 
leukocytes, macrophages and bacteria for this small supply (72). Winter 
reported a significant acceleration of epidermal healing in polyethylene 
occluded, as well as non-occluded pig wounds exposed to hyperbaric 
oxygen. The treatment extended for 8 of 43 hours, or 24 of 72 hours 
respectively, using pure oxygen at a pressure of 7.5 lb/in^. A more 
significant increase in the rate of healing was achieved when the oxygen 
pressure was doubled to twice atmospheric pressure (73). 
I was not able to show any enhancement of reepithelialization in a 
similar experiment. More data need to be collected. The oxygen pressure 
used in my study was 810 mm. Hg, intermittently, for 3 of 24 hours for 
nine days. This oxygen pressure might be insufficient to induce a 
significant increase in the healing rate. Once again, it was not the 
wound covered with polyethylene film and exposed to hyperbaric oxygen 
that healed at the fastest rate, but rather the wound covered by the DD 
dressing, an oxygen impermeable cover. 

GRAFTIMG 69. 
The indirect autologous graft, grown in tissue culture, did attach 
to the underlying granulation tissue, unlike the direct graft of the 
suction blister roof. Hefton et al (55) used autologous grafts from 
cultured epidermal cells on chronic skin ulcers. Split-thickness shave 
biopsies served as the source. Attachment to granulation tissue occurred 
within 43 - 72 hours, in keeping with my findings. Complete 
reepithelialization occurred at 21 - 28 days; the graft in this study 
showed complete resurfacing by 20 days. The graft survived for six 
weeks. Failure to survive beyond this point could be due to insufficient 
supporting matrix and dermal components. Alternatively, this could hve 
resulted from the processes, of unknown etiology in this particular 
patient, stimulating skin breakdown. 
A suction blister roof with a diameter of approximately 15 mm. 
yielded an average of 4 - 5 million cells for culture. Viability varies 
from 92% to 93%. Not all attempts at growth in the culture media were 
successful. In many instances, the cells attached to the flask out 
failed to proliferate. The reasons for this have not been elucidated; it 
is more likely due to the technical process than the cells themselves 
since cells were successfully grown from a particular patient but failed 
to do so from another donor site in the same patient at a subsequent 
date; viability and seeding density were adequate. 
The suction blister roof appears to be a more desirable source than 
the shave biopsy for epidermal cells for in vitro growth. The procedure 
for procurement of cells requires no anesthesia, is painless and leaves 
minimal scarring. Since some dermis is collected with the shave biopsy, 
resultant scarring is greater than with the suction blister. The 
indirect autologous graft would ideally be preferential becuase of the 
expansion in area that can be generated from in vitro growth. 

70. 
Future Applications 
This study was aimed toward a better understanding of 
dermo-epidermal adherence and the healing of wounds created by the 
separation at this junction. There is a need for more observations to 
substantiate the conclusions we have made to date. 
The unroofed suction blister serves as an excellent model for the 
study of epidermal wound healing. Vasoflavine dye proved ineffective in 
evaluating the healing process and the need for a simple, non-invasive 
technique, other than gross observations still exists. An epidermal 
surface antibody, such as an anti-keratin antibody should be attempted, 
using the same model, as a means of evaluation of epidermal healing. It 
would be helpful to correlate the findings with gross observations, and 
those presented in this thesis. 
Further studies on aging could be generated and more observations on 
a spectrum of age groups are necessary. It would be interesting to 
obtain successive blistering times in a given subject as he/she ages. 
The rate of healing of the wounds in these subjects could be followed 
successively, and healing rates as an age and/or gender phenomenon could 
be explored. The local wound environment could be manipulated to test 
the effectiveness of various dressings and medications on the promotion 
of healing. 
Although it is well established that occluded wounds heal more 
rapidly than non-occluded wounds, there are many who still hold to the 
tenet that "nature heals best." This information needs to be made known 
to both the medical and lay communities. 

71. 
There are two particular studies I would be interested in 
performing. The resultant hyperpigmentation at suction sites is of great 
interest. I do not know whether it is due to an increase in the number 
of melanocytes, in the amount of melanin deposition, or melanin 
deposition in the dermis. A biopsy of a healed, hyperpigmented suction 
blister site should yield this information. Suction blisters could be 
raised in patients with vitiligo. The melanocytes that lead to 
repigmentation in patients with vitiligo, originate from the 
depigmented/hypopigmented border of the lesion, as well as from 
follicular appendages. These are also the sources for new epidermal 
cells which resurface the suction blister wound. One might find, then, 
that raising a suction blister on a vitiliginous area would stimulate 
repigmentation of the area. The resulting hyperpigmentation from suction 
blisters raised on normally pigmented skin reportedly resolves by one 
year (75), so that the results may be only temporary. 
Another area to be pursued is that of the repair mechanism in 
interrupted suction. This could be evaluated in subjects with bullous 
diseases to determine whether the repair mechanism is delayed, defective, 
or plays any role in their disease process at all. 
The suction blister may prove helpful in furtner understanding 
decreased dermo-epidermal adherence in bullous diseases, as well as 
provide a therapeutic means of repigmentation. 

72. 
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